The Gona area includes many rich fossil localities that are of great consequence to the study of human evolution. The Adu-Asa Formation, containing the oldest of these fossils, consists of nearly 200 m of fossil-bearing sedimentary rocks in thin (≤30 m), laterally variable sections interlayered with abundant basaltic lava fl ows. These volcanic and sedimentary rocks dip gently to the east and are repeated by north-northwest-trending, mostly west-dipping normal faults that accommodate extension in the Afar Rift.
INTRODUCTION
Genetic studies suggest that human and chimpanzee lineages diverged in Africa during the late Miocene-early Pliocene (Horai et al., 1992; Ruvolo, 1997; Chen and Li, 2001; Patterson et al., 2006) . Patterson et al. (2006) estimated that the human-chimpanzee genome diverged permanently no earlier than 6.3 Ma, although they preferred a younger age of humanchimpanzee speciation, perhaps as young as 5.4 Ma. In contrast, recent homi nid fi nds of Ardipithecus kadabba in Ethiopia, Sahelanthropus tchadensis in Chad, and Orrorin tugenensis in Kenya all date to this pre-5.4 Ma time period, suggesting that the hominid-chimpanzee divergence must have been earlier (WoldeGabriel et al., 2001; Vignaud et al., 2002; Sawada et al., 2002) . Resolution of the apparent contradiction between genetic and fossil evidence, as well as separation of the phylogenetic relationships among the earliest hominids, rests upon the discovery and study of new, well-dated fossil material.
The Gona Paleoanthropological Research Project (GPRP), which has previously produced specimens of Ardipithecus ramidus in the early Pliocene Sagantole Formation (Semaw et al., 2005) , has in recent fi eld seasons contributed a number of discoveries in the older, and largely unstudied, deposits of the Adu-Asa Formation. These older hominids are assigned to the species Ardipithecus kadabba (Simpson et al., 2007) . Secure dating of these and similar fi nds is crucial to illuminating the earliest chapter of our evolution.
GEOGRAPHIC AND GEOLOGIC SETTING
The Gona Paleoanthropological Research Project (GPRP), located ~300 km northeast of Addis Ababa, Ethiopia, contains a fossil-rich record of fl uvial, lacustrine, and volcanic deposits spanning much of the last 6.5 m.y. (Fig. 1) . The Gona Paleoanthropo logical Research Project lies within the Afar Rift and is 150-200 km west of the current triple junction between the Red Sea Rift, the Gulf of Aden Rift, and the Main Ethiopian Rift (Tesfaye et al., 2003) . The Afar Rift is bounded on the north by the Danakil horst, on the east by the Southeast Ethiopian Highlands, and on the west by the Western Ethiopian escarpment (Quade and Wynn, this volume, Preface) . Within this basin, the project area is bounded on the north by the Mille-Bati road, on the east by the Awash River, and on the south by the As Bole drainage. The western extent of the project area continues into the Western Ethiopian escarpment. These westernmost deposits have previously been referred to as the Dahla Series fi ssural basalts in the volcanological literature (Barberi et al., 1975; Wolfenden et al., 2005) , but here we adopt the term Adu-Asa Formation. This term was coined by Kalb et al. (1982) and embraced, with some revisions, by later workers in the same area (WoldeGabriel et al., 2001 ) to encompass interbedded basalts and sedimentary rocks due south of the western part of Gona. Satellite photos strongly suggest north-south continuity of the Adu-Asa Formation in this region, a correlation confi rmed by radiometric dates that we present in this paper.
The Adu-Asa Formation in the Gona Paleoanthropological Research Project area is composed of ~185 m of mostly basaltic lava fl ows intercalated with thin zones of volcaniclastic, fl uviolacustrine sedimentary rocks. All fossil localities are confi ned to these sedimentary rocks. A rhyolite dome is exposed in the northern end of the project area and caps the Adu-Asa Formation there. Both rhyolitic and basaltic tuffs are common throughout the formation. However, the basaltic tuffs are generally too altered to use as geochemical markers, so we have mainly relied on the silicic tuffs to provide the necessary chronological control on the fossil localities (Fig. 2) . In all but one case, the tuffs are ash-fall units that have been reworked to varying degrees and are interbedded with sedimentary rocks. The exception is a nonwelded ash-fl ow tuff and its related surge deposit associated with the rhyolite dome in the northern end of the project area, although this tuff complex does have an ash-fall component as well.
Structurally, the Adu-Asa Formation at Gona is cut by numerous north-northwest-trending, west-dipping faults that have accommodated extension in the Afar Rift. Although these faults are too abundant to show in Figure 1 , the topography strongly echoes the trend of this fault pattern. Dips on beds are gentle, generally to the east, and usually do not exceed 25°E. Thus, deposits in this formation tend to decrease in age to the east. Repetitions of the stratigraphy by normal faults are common. The abundance of these faults, the similarity in appearance of basalt lava fl ows, and locally restricted exposures make correlations of outcrops between areas diffi cult. Here, the use of glass compositions from tuffs in correlations between areas-the central focus of this research-was vital to producing a coherent stratigraphic context for the fossil fi nds.
Sifi River
The Adu-Asa Formation is conformable with the younger Sagantole Formation, which is exposed to the east. The contact is characterized by a shift from mostly volcanic units with a sedimentary component in the Adu-Asa Formation to dominantly sedimentary units with a volcanic component in the Sagantole Formation. This lithologic contrast is strongly expressed topographically over much of the western Gona Paleoanthropological Research Project area. The Adu-Asa Formation is characterized by steep ridge (= basalt lavas)-and-swale (= intercalated sedimentary rocks) topography, whereas the sedimentary rocks that dominate the Sagantole Formation weather recessively. The top of the Adu-Asa Formation is marked by a fi nal topographically high-standing basalt fl ow(s) (Fig. 1 ). Exceptions to this pattern can be found at the extreme northern and southern ends of the project area, where basalts instead of sedimentary rocks dominate the Sagantole Formation, and the transition between the Adu-Asa and Sagantole Formations is indistinct.
Several younger formations lie to the east of the Adu-Asa Formation within the Gona Paleoanthropological Research Project area. The Sagantole Formation at Gona is dominantly lacustrine volcaniclastic sedimentary rocks with intercalated basaltic lavas. While rich in fossils, the deposits of the Sagantole Formation at Gona are extensively faulted and contain only altered tuffs, making geochemical correlations diffi cult. It ranges in age from older than 4.6 Ma to 3.9 Ma (Semaw et al., 2005; Quade et al., this volume; Levin et al., this volume) .
The Sagantole Formation is mostly bound on the east by the As Duma fault, a major north-south-trending, east-dipping normal fault that has been active subsequent to 4 Ma to present. At the surface, it juxtaposes the east-dipping Sagantole Formation to the west against the largely undeformed and much younger Busidima Formation to the east (Fig. 1) . The exception is in the northern part of the Gona Paleoanthropological Research Project area, where the Sagantole Formation is in conformable contact with the Hadar Formation, and the As Duma fault separates the Hadar Formation from the Busidima Formation. At Gona, the Hadar and Busidima Formations span the period from 3.8 to <0.16 Ma (Quade et al., 2004; Quade et al., this volume) .
METHODS

Fieldwork
The fi eldwork and laboratory work for this study were conducted during [2003] [2004] [2005] [2006] . Fieldwork focused primarily on collecting volcanic units suitable for 40 Ar/ 39 Ar dating and/or major-element geochemical characterization using an electron microprobe. At most of the fossil localities, we also measured stratigraphic sections in order to document the relevant relationships between fossil-rich beds and the sampled volcanic units. Most of the geochronological samples taken in the Adu-Asa Formation at Gona are ash-fall tuffs, although several basalt samples were collected along with a few obsidian and ash-fl ow tuff samples. For ash-fall and ash-fl ow tuff samples, collection focused on obtaining both fresh glass shards and any juvenile phenocryst populations present in each unit, although almost every tephra unit encountered in the fi eld was collected.
Many of the ash-fall deposits form multiple subunits in outcrop, which is at least in part a result of reworking. In these cases, we sampled each subunit in order to be sure that we had obtained a representative sample. Commonly, one subunit contained a greater density of phenocrysts and another contained a greater concentration of fresh glass shards. If any other populations were present, such as pumice lapilli or obsidian clasts, subunits containing these populations were also sampled in order to characterize the various components of the tuff. Thus, by sampling each subunit individually, we were able to account for the sedimentary sorting that may have separated different portions of a single tuff.
We also collected a few obsidian samples from the rhyolite dome in the northern end of the project area in order to characterize the composition of that silicic source. Samples collected included both glassy and spherulitic obsidian. We also sampled a basal pumice breccia.
For the basalts, collection efforts focused on obtaining samples that were as fresh and as little oxidized or hydrolyzed as possible. In addition, we looked for lava fl ows with holocrystalline groundmass and a small percentage of phenocrysts, but we collected hand samples of lavas at many stratigraphic levels throughout the Adu-Asa Formation at Gona. In practice, only outcrops that were pervasively argillized and friable were not sampled.
Laboratory Work
Tuffs
Samples were prepared by crushing and sieving each tuff into various size fractions, typically >500 mm, 500-250 mm, and 250-125 mm. If the sample contained unaltered glass shards, then a portion of the size fraction in which the shards were most abundant was used to make a microprobe mount. Most commonly, this was the 250-125 mm size fraction. Every tuff sample collected in the Adu-Asa Formation at Gona was processed for analysis on an electron microprobe. All suitable Figure 2 . Locations of samples from volcanic rocks (tuffs, basalts, obsidian) from the Adu-Asa Formation at Gona. For samples containing only a number, the prefi x "GON05-" has been omitted. In cases where multiple samples were collected from the same locality, we have omitted markers for altered tuffs, obsidian samples, or basalts to aid clarity. Geochronological samples from the neighboring Sagantole, Hadar, and Busidima Formations are not shown. samples, whether glass shards, obsidian, or feldspar, were analyzed on a Cameca SX50 electron microprobe at the University of Arizona in the Department of Planetary Sciences Lunar and Planetary Laboratory.
For each component studied, we analyzed ~20 points, with each point on a different shard or crystal. In a typical suite of analyses, most shards/crystals proved chemically homogeneous. Often a few grain analyses were rejected prior to statistical analysis as contaminated if their compositions were different from the main compositional mode.
Many researchers have documented alkali mobility in glass as a result of electron bombardment during electron microprobe analysis (Hunt and Hill, 1993; Morgan and London, 1996; Nielsen and Sigurdsson, 1981) . In determining the best analytical conditions to use, we followed some of the suggestions of Froggatt (1992) and Hunt and Hill (1993) . Froggatt (1992) suggests that researchers use a beam defocused to at least 10 μm across, as well as a lower beam current when analyzing alkali elements. Hunt and Hill (1993) recommended that researchers analyze alkalis fi rst, before a sample has time for signifi cant mobilization to occur. After some experimentation, we settled on the analytical conditions in Table 1 . We used these conditions for all analyses, whether glass or crystal. Morgan and London (1996) described an optimal analytical setup for dealing with alkali mobility and the corresponding "grow-in" of Si and Al. As a comparison, we ran newly prepared mounts of selected samples using the setup conditions Morgan and London (1996) recommended and compared those results to the data obtained using the setup conditions in this study (Table 1) .
Glass
If a size fraction contained fresh glass shards, then no further processing was necessary before creating a microprobe mount. Shards that had partially devitrifi ed or were otherwise altered were ground away during polishing, as was any rind of clay alteration on otherwise well-preserved glass. We examined glass shards under a 10-40× binocular scope to establish their general morphology and followed the descriptive shard morphology system of Katoh et al. (2000) , which is based on work by Ross (1928) , Heiken (1972), and Yoshikawa (1976) (Fig. 3) .
The few obsidian samples, either collected as corestones or picked out of a tuff sample as a clast, were prepared for the electron microprobe by lightly crushing them with a mortar and pestle and then mounting the pieces using the same process as that of the glass shards.
Phenocrysts
Many of the tuff samples collected also contained phenocrysts, usually feldspars. After separating a tuff sample into the various size fractions, if it was determined that feldspars were present, a small number (commonly 50-100) was extracted by hand and mounted.
Feldspars Ar method, the large associated errors often compromised the utility of the sample. Extent of alteration was determined by examining backscattered electron (BSE) images of feldspars during electron microprobe work. If significant alteration was detected, it usually appeared as clay growth within cleavage planes of crystals.
If the glass composition of two tuff samples was identical but the phenocryst populations proved chemically distinct, then the two samples likely represent different eruptions. Because the possible range of feldspar compositions is less than in glass, however, comparisons based solely on the composition of feldspar populations are insuffi cient for fi rm correlation.
Tuff Ar dates on tuffs presented in this study, see GSA Data Repository Tables 1 and 2. 1
Basalts
Basalt samples were also crushed and sieved into various size fractions. Generally, the 100-120 mm size fraction was further processed by placing the sample in an ultrasonic cleaner with a dilute HCl solution. Groundmass concentrates from this size fraction were obtained through further magnetic and handpicking techniques.
Basalt samples were analyzed with an electron microprobe to determine their suitability for dating by the 40 Ar/ 39 Ar method. Backscatter electron microscopy (BSE) images of the basalts were useful in assessing the amount of clay alteration and glass content, and the compositional data obtained on the electron microprobe allowed characterization of the K content of the basalt. As with the tuffs, basalt samples were sent to the New Mexico Geochronology Research Laboratory. Groundmass concentrates were dated by incremental heating by either resistance furnace or CO 2 laser. Methodological details on 40 Ar/ 39 Ar dates obtained from basaltic groundmass are shown in GSA Data Repository Table 2 (see footnote 1).
Similarity Coeffi cients
We calculated the similarity coeffi cient for all possible pairings of glass analyses as well as feldspar pairs in order to statistically evaluate our geochemical correlations. The similarity coeffi cient, or SC, is a statistical measure fi rst developed by Borchardt et al. (1972) and later refi ned by Rodbell et al. (2002) . Created specifi cally for comparing the chemical compositions of glass in tuffs, it is a measure of the similarity of two tuffs based on a suite of geochemical analyses. If two samples have the same mean and standard deviation for every oxide included in the analysis, the SC would be equal to 1. In practice, an SC of 0.95 or greater is generally considered to be a valid correlation (Sarna-Wojcicki et al., 1980; Davis, 1985) , whereas it is common for samples of the same tuff to produce SCs that are slightly lower. An SC of 0.92 is often taken as the lower limit for an acceptable correlation (Froggatt, 1992) .
We used analyses of Na 2 O, K 2 O, SiO 2 , MgO, Al 2 O 3 , CaO, MnO, FeO, and TiO 2 ; all measured Fe is expressed as FeO for these calculations. Although we analyzed for additional elements, we only used the nine oxides listed here in the SC calculations, because the other oxides were almost always present in amounts at or below the detection limit of the electron microprobe.
Following the equation as defi ned in Rodbell et al. (2002) , the SC was calculated as: We calculated the average detection limit for every oxide in every sample, as the detection limit on each oxide can vary with every analysis. When determining the SC for samples A and B, we used whichever detection limit was larger.
RESULTS
Tuffs
The felsic glass composition from tuffs in the Adu-Asa Formation is primarily rhyolitic or dacitic in character (Fig. 4) , although of course this may not be representative of the magma as a whole, since it does not take into account the contribution of phenocryst chemistry. For bimodal units, the mafi c glass component plots as a basalt or basaltic andesite.
We calculated the similarity coeffi cient, or SC, for each sample pair of glass and phenocryst analyses (GSA Data Repository Tables 3 and 4 [see footnote 1]), except samples for which we did not obtain the detection limits of the microprobe analyses, which are necessary for the calculation.
In all, we identifi ed four major tuffs in the Adu-Asa Formation at Gona, as well as three minor glassy tuffs and a crystalrich series of related tuffs. Electron microprobe analyses, of both glass and feldspar, confi rm many of the tentative correlations that were made in the fi eld based on outcrop appearance and stratigraphic position (Tables 2 and 3 ; Figs. 5, 6, and 7). We named the four major glassy tuffs the Sifi Tuff, the Kobo'o Tuff, the Belewa Tuff, and the Ogoti Tuff Complex. The Hamadi Das crystal-rich sequence (HMDS) tuffs includes a number of altered, plagioclase-rich tuffs that lie stratigraphically below the Sifi Tuff. An important subunit of the Hamadi Das crystalrich sequence tuffs is the Bodele Tuff, which is exposed at the Bodele Dora fossil localities and is an important constraint on the ages of those fi nds. Type localities/sections for each of these tuffs are presented in GSA Data Repository Figures 1 and 2 (see footnote 1), unless the type section is already included in Figures Katoh et al. (2000) and is based on previous studies by Ross (1928) , Heiken (1972), and Yoshikawa (1976) . Notes: Summary of glass analyses from the Adu-Asa Formation at Gona; total Fe is expressed as FeO. Unless otherwise noted, all samples are of glass shards in ash-fall tuffs. Samples were analyzed on a Cameca SX50 electron microprobe at the Lunar and Planetary Laboratory, University of Arizona, using the setup conditions listed in Table 1 
Sifi Tuff
The Sifi Tuff is a critical marker horizon because it is often associated with fossil localities (Figs. 1 and 2). Outcrops of this tuff are found along strike across much of the Gona project area (Fig. 2) . The Sifi Tuff appears as lenses in fl uvial sedimentary rocks in the southernmost part of the Gona Paleoanthropological Research Project area, and it is exposed at the As Bole Dora (ABD), Bodele Dora (BDL), and Hamadi Das (HMD) groups of fossil sites, as well as near the Escarpment (ESC) fossil localities (Figs. 1 and 6).
Fossil-rich beds lie both above and below the Sifi Tuff. At the ABD sites, fossil-bearing beds lie below both the Sifi Tuff and a diatomite bed, whereas at the BDL-2 site, the fossils derive from conglomerates above the Sifi Tuff. At the HMD sites, fossil-bearing deposits are exposed both above and below the level of the Sifi Tuff. There, the fossils can be traced to the siltstones below the level of the Sifi Tuff, as well as to a conglomerate unit above (Fig. 6 ).
In the central portion of the project area, sedimentary rocks containing the Sifi Tuff show evidence for a shift from a lacustrine to a more fl uvial environment. Dark, laminated mudstone and diatomite beds are common in the lower part of the ABD, BDL, and HMD stratigraphic sections, whereas the BDL and HMD sections contain more sandstones and conglomerates above the level of the Sifi Tuff. The Sifi Tuff is heavily reworked into lenses, which vary in thickness from ~0.2 to 2 m. In places, the lenses are discontinuous. This large variation in thickness suggests that the transition from a lacustrine to a fl uvial environment was completed by the time the Sifi Tuff was deposited.
Glass shards are rhyodacitic and typically ~0.5 mm in size with A-type morphology, although some B-type shards are present (Fig. 3) . Glass in the Sifi Tuff is distinguished by a CaO content of 0.4%-0.5%, an MnO content of 0.06%-0.08%, and a K 2 O content of ~2.5% (Table 2) . We were not able to identify a homogeneous population of phenocrysts, so the Sifi Tuff is not suitable for radiometric dating.
Kobo'o Tuff
The Kobo'o Tuff is intercalated with fl uvial sedimentary rocks in the northern half of the project area, although it may be present along strike in areas not well surveyed to the south (Fig. 2) . The Kobo'o Tuff is reworked and varies in thickness from 0.5 m to ~3 m in paleochannels. Like the Sifi Tuff, exposures of the Kobo'o Tuff are repeated due to the abundant normal faults, and repetitions generally occur less than 1 km apart. Whereas the Kobo'o Tuff has only been identifi ed at one fossil site, ), this tuff is repeatedly found near the ESC cluster of sites (Figs. 1 and 2). The fossils at ESC-9 were not in situ, but they likely derive from the sands and conglomerates below the level of the Kobo'o Tuff.
The sedimentary section associated with the Kobo'o Tuff is dominantly fl uvial, but basalt fl ows are also common. In the measured sections containing the Kobo'o Tuff, sedimentary rocks were typically pale red claystone with interbedded volcaniclastic sandstone, conglomerate, and aphanitic basalts.
The Kobo'o Tuff is clearly felsic at the base and strongly bimodal toward the top in outcrop. In hand sample, the bimodal portion exhibits a "salt and pepper" appearance, consisting of ~60%-75% felsic shards and 25%-40% mafi c shards. This pattern, as shown in Figure 7A , was noted at multiple sample collection sites. In some sample localities, a fi nal felsic layer caps this felsic to bimodal sequence, but this uppermost layer is not always present. Notes: Summary of feldspar analyses from the Adu-Asa Formation at Gona; total Fe is expressed as FeO. Unless otherwise noted, all samples are of feldspar crystals in ash-fall tuffs. Samples were analyzed on a Cameca SX50 electron microprobe at the Lunar and Planetary Laboratory, University of Arizona, using the setup conditions listed in Table 1 in outcrop is unique among the tuffs in the Adu-Asa Formation at Gona. The Ogoti Tuff Complex also has a mafi c component to it, but it is not nearly as obvious in hand sample (see following). Electron microprobe analysis reveals that the Kobo'o Tuff is actually polymodal, with two very similar rhyodacite phases in addition to the basaltic/basaltic andesite phase. The major differences between the two silicic components are the CaO and the FeO contents ( Fig. 5 ; Table 2 ). In silicic mode A, the mean CaO content is 0.65% (n = 265), and in silicic mode B, the mean is 0.86% (n = 93). For the FeO content, silicic mode A contains ~2.5% FeO, whereas silicic mode B has ~2.7%-2.8% FeO. All other oxides are similar in both modes (Table 2) . Silicic mode B is concentrated in the same beds as the mafi c shards. Silicic mode A shards are 0.5-1 mm in diameter and are a mix of type A and B morphologies (Fig. 3) . Silicic mode B shards are also 0.5-1 mm in diameter but display type D and E morphologies. The mafi c shards are up to 1 mm in size and are dominantly type A morphology.
The Kobo'o Tuff is the only polymodal tuff identifi ed in the Adu-Asa Formation at Gona ( Fig. 5 ; Table 2 ). Both silicic modes contain ~0.22% TiO 2 and ~0.11% MnO, which are unique to the tuffs described here. The mafi c component contains ~3% MgO and 7% CaO, which differs from the mafi c component of the Ogoti Tuff Complex.
Unlike the Sifi Tuff, the Kobo'o Tuff contains chemically homogeneous populations of feldspars (Table 3) . A combination of sanidine and plagioclase from sample GON05-216 ( (Table 4 ; Fig. 9 ).
We reanalyzed selected samples of the Kobo'o Tuff using the setup conditions recommended by Morgan and London (1996) and compared those analyses with the results obtained using the setup conditions in this study (Tables 1 and 6 ). Although the number of shards used in this comparison is small, the results highlight important differences in electron microprobe analytical conditions. For the mafi c mode, there is no signifi cant difference between the two sets of analytical conditions. For the silicic modes, however, the measured amounts of Na 2 O and K 2 O are lower and the measured amounts of SiO 2 and Al 2 O 3 are higher for glass shards analyzed using the setup conditions in this study as compared to the analytical conditions suggested by Morgan and London (1996) . This is a typical pattern during alkali mobilization, as electron bombardment causes alkalis, Si, and Al to migrate away from the electron beam (Hunt and Hill, 1993; Morgan and London, 1996; Nielsen and Sigurdsson, 1981) .
The compositions reported in this study do refl ect some alkali mobilization. However, the differences are largest in the Na 2 O and Al 2 O 3 contents of silicic analyses, and they are only significant at the 2σ ⋅ level for Na 2 O. This should be taken into account when considering tephrostratigraphic correlations between the tuffs presented here and those elsewhere in the region.
Belewa Tuff
The Belewa Tuff is known from two localities only (Fig. 2) . The fi rst is composed of 10 m of tephra interbedded with pinkish siltstone, sandstone, and conglomerate (Figs. 7B and 7C) . The tuff at this locality, from which sample GON05-262 was collected, contains abundant perlitic obsidian clasts, lapilli-size pumice pieces, and ash containing glass shards and sanidine. Individual shards are ~1 mm in diameter, and associated pumice is 1-2 cm. Morphologically, shards were a mix of B-type with some A-type grains (Fig. 3) .
The second locality, where sample GON05-265 was collected, is much fi ner grained than its chemical correlative GON05-262. This exposure is 1-2 m thick and contains coarse ash, perlitic obsidian fragments, and sanidine phenocrysts. Glass shards in this sample were typically 1 mm in diameter, and perlitic obsidian fragments up to 1 mm in diameter were also present . Shard morphologies in this outcrop are dominantly B-type, with a small amount of A-and F-type shards (Fig. 3) .
In the proximal outcrop of the Belewa Tuff, there is some degree of soil development between a few of the tuffaceous layers (Figs. 7B and 7C ). The degree of pedogenesis is slight and is indicated primarily by the angular, blocky jointing with slickensides that is prominent in the claystone units. Nevertheless, this demonstrates hiatuses between eruptions of chemically identical material. These younger layers are thinner and fi ner grained than those at the base of the outcrop and likely did not spread material far from the source. It is the thick, lapilli-sized deposits at the base of the fi rst outcrop that likely correlate to the second, more distal outcrop where GON05-265 was sampled.
The Belewa Tuff is distinguished chemically by a CaO content of ~0.23%, which is lower than any of the other tuffs described here ( Fig. 5 ; Table 2 ). Sanidine (with a K 2 O content of 6%-7%) from sample GON05-265 yielded an 40 Ar/ 39 Ar age of 5.47 ± 0.04 Ma (2σ) for the Belewa Tuff (Table 4 ; Fig. 9 ).
Ogoti Tuff Complex
The Ogoti Tuff Complex is the only pyroclastic unit in the Adu-Asa Formation at Gona found to contain more than just an ash-fall component. Like the other tuffs, the ash-fall part of the Ogoti Tuff Complex is interbedded with sedimentary rocks. The ash-fl ow overlies the glassy obsidian portion of a rhyolite fl ow, whereas the surge deposit directly underlies the basal pumice breccia of a rhyolite fl ow and overlies a basalt unit. This complex is located in the northern part of the study area ( Figs. 1 and 2 ) and clearly originates from the only eruptive center we found in the Adu-Asa Formation (see following). The Ogoti Tuff Complex is bimodal with a minor basaltic component ( Table 2 ). The ash-fall tuff and surge deposits contain 1-2-mm-diameter glass shards as well as lapilli-sized pumice and centimeter-sized perlitic obsidian fragments. The ash-fall deposit has multiple tuffaceous beds separated by thin silty interbeds, for a total thickness of ~4 m. The surge deposit is ~2 m in thickness and is made up of cross-bedded layers and a channelized distribution of sublayers. The ash-fl ow tuff is nonwelded and contains 1-2-mm-diameter glass shards, and blocks of obsidian and pumice up to 25 cm in diameter are common.
Glass in the Ogoti Tuff Complex is characterized by a CaO content similar to the Sifi Tuff (~0.45%), coupled with a K 2 O content of ~6% ( Fig. 5 ; Table 2 ). The mafi c component is distinguished by a CaO content of 9%-10%, a MgO content of ~5%, and a mean MnO content of 0.23% (Table 2) .
Rhyolitic glass shards in the Ogoti Tuff Complex display both A-and B-type morphologies (Fig. 3) . The basaltic component was identifi ed only as pumice clasts within ash-fall tuff sample ESCASH-13 (Table 2) (Table 4) . However, the age-probability plot is very broad and multimodal (Fig. 9) , as refl ected in the high mean square of weighted deviates (MWSD) of 10.96. We take this to indicate contamination by older feldspar populations, possibly incorporated from older material entrained in the ignimbrite during eruption. A recalculation using only the six youngest grains produced an age of 5.84 ± 0.07 Ma with a MWSD value of 0.86 (Fig. 9) . While this age result is slightly older than the original calculation, the error range and MWSD are signifi cantly lower. Thus, we view the recalculated result as the most accurate age determination of the ash fl ow, but it is a maximum age (Fig. 9) .
A subsequent attempt to date the Ogoti Tuff Complex was more successful. Plagioclase from the ash-fall portion yielded a single-crystal 40 Ar/ 39 Ar date of 5.57 ± 0.15 Ma (2σ) ( Table 4 ; Fig. 9 ). While broadly similar in composition, feldspars from the ash-fall component contained more K 2 O and less CaO and Na 2 O than the feldspars in the ash-fl ow tuff or the surge deposit (Table 3) . Thus, we interpret the dominant feldspar population in the ash-fall portion of the Ogoti Tuff Complex as a juvenile population and the feldspars in the ash-fl ow and surge deposits as partly nonjuvenile.
Other Glassy Tuffs
Besides the four major tuffs in the Adu-Asa Formation, we analyzed three other geochemically distinct ash-fall deposits (Table 2) , each of which is known from only a single outcrop. The paucity of other samples from these tuffs may be due to a lack of survey in the area and is not necessarily a refl ection of the extent of deposits. All three units are exposed near the top of the Adu-Asa Formation, in the Degora Konte area just west of the boundary between the Adu-Asa Formation and the early Pliocene Sagantole Formation (Fig. 2) .
Glass from sample GON05-300 is dacitic, while samples of glass from GON05-301 and GON05-302 are rhyolitic (Fig. 4) . All three have an average shard size of ~0.5 mm. GON05-300 and GON05-301 have dominantly C-type morphology, while GON05-302 contains A-type shards with some B-type shards as well (Fig. 3) . Sample GON05-300 is distinguished by a lower silica content (~68% SiO 2 ) than the other silicic tuffs in the AduAsa Formation at Gona, as well as higher FeO, CaO, MgO, and MnO contents ( Fig. 5 ; Table 2 ). Sample GON05-301, with the exception of GON05-300, has the highest CaO content of any of the silicic tuffs in the formation at 1% CaO (Table 2) . Finally, GON05-301 has a CaO content similar to that of the Sifi Tuff and the Ogoti Tuff Complex (~0.4% CaO); however, the FeO and Al 2 O 3 contents of sample GON05-301 are higher than those of either the Sifi Tuff or the Ogoti Tuff Complex (Table 2) . Only GON05-302 contains an obvious population of phenocrysts (Table 3) , but the sample is as of yet undated.
Hamadi Das Crystal-Rich Tuff Sequence and the Bodele Tuff
A sequence of plagioclase-rich tuffs, which we refer to as the Hamadi Das Crystal-Rich Tuff Sequence (HMDS), is found at several locations below the Sifi Tuff, including the ABD, BDL, and HMD sites as well as at South Gona. In most cases, the Sifi Tuff lies 5-25 m above this tuff sequence, such as at the HMD sites (Fig. 6) . The sole exception is at South Gona, where one of these tuffs (GON05-244) is found lateral to and at a level a few meters above the Sifi Tuff (Fig. 6) . Many of the tuffs in this sequence are reworked and probably contain some nonjuvenile populations of plagioclase. Glass in all Hamadi Das tuffs is too altered for analysis, probably because many of the tuffs in this part of the Adu-Asa Formation were deposited in a lacustrine setting. Without glass analyses, it is diffi cult to sort out the exact stratigraphic relationships and correlations for each of these units.
However, we can in some cases develop a more precise stratigraphy given the stratigraphic closeness of the some of the Hamadi Das tuffs to the Sifi Tuff, combined with analyses of the feldspar compositions and detailed fi eld observations. In particular, at the BDL sites, there are two altered plagioclase-rich tuffs that are exposed below both the level of the fossils (~9 m) and the Sifi Tuff (~4 m) (Fig. 6) . These tuffs are a subset of the Hamadi Das tuffs and contain different populations of feldspars. We hereafter refer to as these units as the Bodele A Tuff (GON05-229) and the Bodele B Tuff (GON05-230) (Table 3) . 
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The Bodele A Tuff is a doublet of thin tuffs in laminated lake beds. These beds are locally disrupted by small slumps composed of tuffaceous brown mud, from which we obtained the Bodele B Tuff (Fig. 7A) . Material in the slump deposit is a mix of dark brown mud, altered pumice ≤2 cm in diameter, and very abundant feldspars ~0.5 cm in diameter (Fig. 7F) . Based on the outcrop relationships, the slump must be younger than the doublet. The abundance and chemical homogeneity of Bodele B phenocrysts suggest that, although locally redeposited by slumping, incorporation of older phenocrysts, such as from the chemically distinct Bodele A Tuff, did not occur. The Bodele B Tuff yielded an 40 Ar/
39
Ar plateau age of 6.48 ± 0.22 Ma (2σ) (GON05-230) on plagioclase (Table 5 ; Fig. 10 ).
The age of the Bodele B Tuff is supported by results from nearby South Gona. The composition of the plagioclase in sample GON05-246 is identical to that in the underlying tuff (GON05-248) and is strikingly similar to the plagioclase in the Bodele B Tuff at the BDL sites (Table 3 ). All three units are 3-8 m below the level of the Sifi Tuff in our measured sections (Fig. 6) . Although the composition of phenocrysts alone is insuffi cient for a fi rm correlation, this observation combined with the stratigraphic constraint of the Sifi Tuff suggests that the tuffs from South Gona are likely additional examples of the Bodele B Tuff. Initial attempts to date plagio clase from sample GON05-246, collected from the South Gona section, yielded a single-crystal 40 Ar/ 39 Ar date of 5.64 ± 0.58 Ma (2σ) ( Table 4 ). This determination, however, was made using only 3 of 15 analyses and is not reliable. A later attempt to date plagioclase from the same sample using incremental heating was more successful and yielded a Ar date of 5.44 ± 0.06 Ma (2σ) on sanidine and plagioclase ( Fig. 9 ; Table 4 ). The Kobo'o Tuff here and elsewhere is bimodal, it consists of mainly silicic ash layers at the base, and it is more mafi c at the top. Person for scale. (B-C) Photographs and measured stratigraphic section of the type locality for the Belewa Tuff and where sample GON05-262 was collected (pencil in C is 15 cm). (D) The more distal correlate where GON05-265 (Fig. 2) Ar date of 5.47 ± 0.04 Ma (2σ on sanidine; Fig. 9 ; Table 4 ). (E-F) Photographs of the Bodele A and B Tuffs at the BDL fossil localities (Figs. 1 and 2 ) in lacustrine mudstone. These phenocryst-rich, altered tuff units occur below both the Sifi Tuff and the level of the fossils at the BDL sites. The Bodele B Tuff (GON05-230) (shown in detail in F) is a slump deposit containing 0.5-cm-scale plagioclase crystals and lapilli-sized pumice pieces. The Bodele A Tuff (GON05-229) is composed of a double layer of millimeter-scale plagioclase that is disrupted by the slump deposit that contains the Bodele B Tuff (GON05-230). Hammer for scale in E is ~40 cm. End of pencil in F is ~1 cm. Figure 9 (on this and following page). Age-probability plot, K/Ca ratio, percent radiogenic Ar, and moles of 39 Ar for each single-crystal analysis. Details of irradiation, analytical procedures, calculation methods, and analytical data are given in GSA Data Repository Table 1 (see text footnote 1). The second set of graphs for GON05-271 was recalculated to include only the youngest population of feldspars. MSWD-mean square of weighted deviates. reasonably fl at age spectra with a plateau age of 6.24 ± 0.19 Ma (2σ) ( Table 5 ; Fig. 10 ). This is very similar to the age of the Bodele B Tuff.
Obsidian and the Source of the Ogoti Tuff Complex and the Belewa Tuff
In the Gona Paleoanthropological Research Project area, the only volcanic source thus far identifi ed in the Adu-Asa Formation was the silicic center in the northernmost part of the project area ( Figs. 1 and 2) . We analyzed the glassy obsidian portion of a rhyolite fl ow(s) from four different localities (GON05-270, -272, -281, and -287) as well as one sample from a basal pumice breccia (GON05-285) ( Table 2 ). Samples GON05-272 and -287 were collected from directly beneath outcrops of the ashfl ow component of the Ogoti Tuff Complex, while GON05-285 was collected from directly above the surge component of the Ogoti Tuff Complex. GON05-287 is a sample of glassy obsidian exposed above a spherulitic obsidian layer and below and conformable to sediments of the Sagantole Formation. The chemistry of these samples is very similar to, and in some cases indistinguishable from, that of the Ogoti Tuff Complex (Tables 2,   3 , and 7). Similarity coeffi cients for the obsidian versus Ogoti Tuff Complex samples range from 0.77 to 0.95, with a median SC of 0.88. Thus, based on the similar chemistry and the spatial relationships between the silicic fl ows and outcrops of the Ogoti Tuff Complex, we can be certain that the source of the Ogoti Tuff Complex is this silicic center in the northern end of the Gona Paleoanthropological Research Project area.
The Ogoti Tuff Complex is not the only silicic tuff we can attribute to this source. Chemically, the Ogoti Tuff Complex is very similar to the Belewa Tuff. When comparing a sample of the Ogoti Tuff Complex to a sample of the Belewa Tuff, the average SC is 0.84, and one of the sample pairs gives an SC as high as 0.90 (Table 7) . Moreover, grain-size contrasts between the two outcrops of the Belewa Tuff also point to a nearby silicic center as the source. The fi rst outcrop of the Belewa Tuff (Figs. 2, 7B , and 7C) where sample GON05-262 was collected is much coarser-grained than the outcrop where the second sample was collected (GON05-265, Figs. 2 and 7D) and thus more proximal to the source. The fi rst outcrop is located ~12 km north of the second, more distal outcrop. Thus, the source of the Belewa Tuff is almost certainly the rhyolite fl ow-dome identifi ed in the northern end of the Gona Paleoanthropological Research Project area ( Figs. 1 and 2 ). Notes: Ages were calculated relative to FC-2 Fish Canyon Tuff sanidine interlaboratory standard (28.02 Ma; Renne et al., 1998) . All errors are reported at ±2σ, unless otherwise noted. Details of irradiation, analytical procedures, calculation methods, and analytical data are in GSA Data Repository Tables 1 and 2 (see text footnote 1).
Locations of samples are given in Figure 2 . Analyses in italics indicate questionable accuracy. Bold denotes preferred ages. MSWD-mean square of weighted deviates. 
Very good
Notes: Ages were calculated relative to FC-2 Fish Canyon Tuff sanidine interlaboratory standard (28.02 Ma; Renne et al., 1998) . Analyses were performed at New Mexico Geochronology Research Laboratory using an MAP 215-50 mass spectrometer online with automated all-metal extraction system. All errors are reported at ±2σ, unless otherwise noted. Details of irradiation, analytical procedures, calculation methods, and analytical data are in GSA Data Repository Tables 1 and 2 (see text footnote 1). Locations of samples are given in Figure 2 . Analyses in italics indicate low-radiogenic yield analyses with poor precision and questionable accuracy. Bold denotes preferred ages. High mean square of weighted deviate (MSWD) values are outlined. *Groundmass concentrate.
Basalts
The basalt fl ows in the Adu-Asa Formation at Gona are typically blue-gray in color, holocrystalline, and range in thickness from 1 to 10 m. In general, both the number and thickness of basalt lava fl ows increase between the level of the Sifi Tuff and the Kobo'o Tuff ( Fig. 6 ; see also Quade et al., their Fig. 3B, this volume) . This trend of increased volcanism and/or decreased sedimentation continues through to the top of the Adu-Asa Formation at Gona, although there is a shift to silicic volcanism as represented by the rhyolite dome in the northern end of the project area (Fig. 2) . Further to the south, however, the top of the AduAsa Formation is still dominated by basalt fl ows. Although not well surveyed, it appears that below the level of the Hamadi Das tuffs, there is another large section of basalt lavas, which appears as an area of high topographic relief west of the Kasa Gita-Chifra Road and the HMD fossil sites in Figure 1 . Alteration of basalt units can be substantial, especially near faults, where argillization of the matrix has resulted in a friable, sand-like texture. In many cases, relatively unweathered "corestones" can be found within an otherwise pervasively altered unit.
We focused on the tuffs as stratigraphic markers, since many different basaltic lava fl ows look similar in the fi eld. We nonetheless still sampled many of the basaltic fl ows as a supplement to the geochronological information obtained from the tuffs. Complete details for the 40 Ar/ 39 Ar dates on basaltic groundmass are presented in GSA Data Repository Table 2 (see footnote 1).
Samples WMASH-57, -58, and -66 are from the easternmost basalt fl ows in the Adu-Asa Formation, and thus they cap the entire formation in the central Gona Paleoanthropological Research Project area (Figs. 1 and 2) . Basaltic groundmass concentrates from these samples yielded 40 Ar/ 39 Ar plateau dates of 5.18 ± 0.33 Ma (2σ), 5.55 ± 0.16 Ma (2σ), and 5.66 ± 0.11 Ma (2σ), for samples WMASH-57, -58, and -66, respectively (Table 5 ; Fig. 10 ). Based on these dates, we consider 5.4 Ma to be a reasonable estimate for the age of the top of the Adu-Asa Formation in the central Gona Paleoanthropological Research Project area. While WMASH-57 yielded a younger age than 5.4 Ma, that sample has a fairly large associated error. WMASH-66, in contrast, yielded an age signifi cantly older than 5.4 Ma, but this sample was collected west of samples WMASH-57 and -58, and it may represent a slightly older basalt fl ow. An upper boundary of 5.4 Ma is consistent with the plateau dates on both WMASH-57 and -58, as well as the dates on many of the tuffs within the Adu-Asa Formation.
Throughout the Adu-Asa Formation, there are many basalt fl ows in close stratigraphic association with fossil localities. Samples GON05-226 and -227 are from a blue-gray basalt with a fi ne-grained groundmass and occasional dispersed plagioclase phenocrysts up to 0.5 cm in diameter. This unit caps the sedimentary rocks at the BDL fossil localities and is similar both in description and stratigraphic placement to basalt sample GON05-235, which caps the ABD fossil localities (Figs. 1, 2 , and 6). Similar blue-gray aphanitic fl ows, with no visible pheno crysts reported, are found capping the HMD fossil sites (ESCASH-19), underlying the ESC-3 site (ESCASH-17), and at the base of the stratigraphic section containing GON05-219 (GON05-218 and GON05-220) (Figs. 1, 2, and 6) . The presence of a thin mudstone bed between samples GON05-218 and GON05-220 indicates the existence of at least two different blue-gray aphanitic fl ows (Fig. 6) . Although the exact number of basalt units in this part of the Adu-Asa Formation is not clear, the relationship of these units to the fossil localities is unambiguous.
Attempts to date the aphanitic fl ows were unsuccessful. Samples GON05-226, GON005-227, GON05-235, ESCASH-17, and ESCASH-19 all had low radiogenic yields (generally <10%), poor precision of individual steps, and disturbed age spectra (Table 5 ; Fig. 10 ).
We were able to consistently identify one basalt fl ow in the fi eld. This unit is porphyritic and has numerous plagioclase Notes: Similarity coeffi cients (SC) for glass analyses from units attributed to the rhyolite dome in the north end of the GPRP area. SCs of 0.95 or greater are outlined, and SCs between 0.92 and 0.94 are shown in bold. Samples labeled with only a number (e.g., 265a) have had the sample prefi x "GON05-" omitted. The prefi x "ESC." is short for ESCASH. Unless otherwise noted, analyses are of glass shards in ash-fall tuffs. Average compositions of each sample are given in Table 2 , along with name of the tuff, where applicable. SCs were calculated following the formula in Rodbell et al. (2002) , which was modifi ed from work by Borchardt et al. (1972) . *Sample contains both a felsic and a mafi c population. crystals over 2 cm in length and a black holocrystalline groundmass. It lies 25-50 m above the Kobo'o Tuff in our measured stratigraphic sections, assuming continuous stratigraphy un broken by faults (Fig. 6 , type locality given in GSA Data Repository Fig. 1 [see footnote 1] ). Consistent identifi cation of the porphyritic basalt is important because it is exposed prominently in section above many of the ESC fossil sites, including ESC-8 (GON05-213) and the ESC-1, -2, and -3 fossil localities (Figs. 1 and 2 ). Except for ESC-9, the ESC sites are not in section with any unaltered tuffs, so this porphyritic basalt is the only available stratigraphic marker that can constrain the age of these sites. In all cases, the ESC sites are stratigraphically below the porphyritic basalt. Ar dating of the porphyritic basalt was more successful than for the aphanitic fl ows. Plateau ages for groundmass concentrates from ESCASH-7 and -8 were 6.48 ± 0.42 Ma (2σ) and 6.13 ± 0.56 (2σ), respectively (Table 5 ; Fig. 10 ). For samples GON05-213 and ESCASH-18, the isochron age is a better estimate of the eruption age than the plateau age, as these samples yielded isochrons with 40 Ar/ 39 Ar intercepts slightly higher than the atmospheric value (295.5). GON05-213 yielded an isochron age of 5.89 ± 0.41 Ma, while ESCASH-18 yielded an isochron age of 6.04 ± 0.43 Ma. Sample ESCASH-19, which is also from the porphyritic basalt, did not yield a usable date (Table 5 ; Fig. 10 ).
DISCUSSION
Geological History
We were able to construct a composite stratigraphic section for the upper (<6.4 Ma) part of the Adu-Asa Formation at Gona by combining the measured stratigraphic sections with outcrop patterns of the various volcanic units (Fig. 11) . Our estimate of the composite thickness of the Adu-Asa Formation east of the Kasa Gita-Chifra Road (Figs. 1 and 2) is ~185 m. We also developed a geologic cross section in Figure 12 that refl ects all of the tephrostratigraphic and structural constraints available.
The base of the stratigraphic sequence is dominantly lacustrine, as indicated by the presence of diatomite beds and laminated mudstone. This part of the formation contains many altered basaltic tuffs, which we collectively refer to as the Hamadi Das Crystal-Rich Tuff Sequence (HMDS). An important subunit of the Hamadi Das tuffs is the Bodele Tuff, which lies at the top of the Hamadi Das Crystal-Rich Tuff Sequence and forms an upper age limit on these ash-fall units. Plagioclase from the Bodele Tuff at the BDL fossil sites and a likely correlate in South Gona yielded 40 Ar/ 39 Ar ages of ca. 6.2-6.4 Ma (Tables 4 and 5; Figs. 9 and 10).
The Sifi Tuff is the oldest tuff with preserved glass in the Adu-Asa Formation at Gona and is an important stratigraphic marker due to its direct association with many fossil sites as well as its widespread occurrence. This tuff is exposed prominently 5-25 m above units of the Hamadi Das Crystal-Rich Tuff Sequence and the Bodele Tuff in multiple locations (Fig. 6 ).
While the stratigraphic sequence below the level of the Sifi Tuff is lacustrine, fl uvial deposition had taken over by the time the Sifi Tuff was erupted, as indicated by outcrops of the Sifi Tuff that are channelized, reworked, and variable in thickness from 0 to 2 m. Fluvial sedimentation is dominant through the rest of the stratigraphic sequence, as the sedimentary units above the level of the Sifi Tuff are typically red or pinkish mudstone interbedded with cross-bedded sandstone and conglomerate. Because the Sifi Tuff does not contain a homogeneous population of phenocrysts, it is unsuitable for 40 Ar/ 39 Ar dating. An aphanitic basalt fl ow caps the stratigraphic sequence in our measured sections of the BDL, ABD, and HMD fossil sites, as well as at South Gona, while a sequence of aphanitic basalt fl ows is exposed at the base of several measured sections containing the Kobo'o Tuff and the porphyritic basalt (Fig. 6) . These aphanitic basalt exposures may not be from exactly the same fl ows, but it is probable that they represent the link between the lower part of the stratigraphic sequence, which contains the Hamadi Das Crystal-Rich Tuff Sequence and Sifi Tuff, and the sequence containing the Kobo'o Tuff. Multiple attempts to date these aphanitic units have proved unsuccessful because these analyses typically had low radiogenic yields, poor precision, and/or disturbed age spectra (Table 5 ; Fig. 10 ).
Like the Sifi Tuff, the Kobo'o Tuff is fl uvially reworked and contains abundant well-preserved glass. It is exposed below a porphyritic basalt fl ow in two measured stratigraphic sections and above a series of aphanitic basalt fl ows (Fig. 6 ). This porphyritic unit is also an important stratigraphic marker because it caps several fossil localities. Sanidine and plagioclase crystals from the Kobo'o Tuff yielded an (Tables 4 and 5; Figs. 9 and 10). However, as the single-crystal analyses yielded the more precise ages on tuffs both above and below the level of the porphyritic basalt, we prefer the younger age of ca. 5.5 Ma for the upper part of the Adu-Asa Formation at Gona, even though the dates on this porphyritic basalt are signifi cantly older.
Deposits above the level of the porphyritic basalt are not well surveyed, and, as a result, the upper portion of the com posite stratigraphic section is loosely constrained and is likely more complex, but it does refl ect all our observations and represents the area on Figure 1 east of the ESC sites, including the rhyolite dome. We observed rhyolite in the north end of the project area directly and conformably underlying sediments of the Sagantole Formation, so we can be sure that the composite stratigraphic and cross sections presented here contain the top of the formation, at least for the northern end of the project area (Figs. 11 and 12 ). It is important to note that we use the term Ogoti Tuff Complex to include any tuff unit that displays the characteristic chemical composition, regardless of whether the units are directly equivalent temporally. This clarifi cation is necessary because the ash-fall, ash-fl ow, and surge deposits sampled may not have all been deposited at precisely the same time. However, the amount of time lapsed was certainly smaller than the error range associated with even the most precise 40 Ar/ 39 Ar date. It should also be noted that the 40 Ar/ 39 Ar dates on the Kobo'o, Belewa, and Ogoti ash-fall tuffs refl ect the time of eruption, and not deposition, of the tuff, since sedimentary processes have clearly reworked each ash-fall tuff. However, the lag time between eruption and deposition is inconsequential, since this process would have occurred shortly after eruption, and there is very little dilution of tuffaceous material with other sedimentary components. In addition, given the simi larity in the 40 Ar/ 39 Ar dates obtained on the Kobo'o, Belewa, and Ogoti Tuffs, we can infer that this part of the Adu-Asa Formation accumulated rapidly.
We have not included samples GON05-300, GON05-301, and GON05-302 in either the composite stratigraphic section or cross section because these units are tuffs that were encountered once each. It is likely that these units are younger than the Belewa Tuff, however, because they are exposed to the east of Belewa Tuff sample GON05-265 and 2-3 km west of sedimentary rocks of the Sagantole Formation. Thus, these units are near the top of the Adu-Asa Formation.
Age of Fossil Localities
The fossil localities in the Adu-Asa Formation at Gona fall into three temporal clusters. The oldest grouping (sites ABD-1, -2, HMD-1; Figs. 1, 2, 6, and 11) is stratigraphically below the Sifi Tuff, the second cluster is above the Sifi Tuff (sites HMD-2, BDL-1, -2; Figs. 1, 2, 6, and 11), and the third and youngest cluster (sites ESC-1, -2, -3, -8, and -9; Figs. 1, 2, 6, and 11) is around the level of the Kobo'o Tuff and the porphyritic basalt. We estimate the age of the oldest cluster to be ca. or younger than 6.4 Ma, the second cluster to be between 6.4 Ma and 5.5 Ma, and the third cluster to be ca. 5.5 Ma. While the second cluster can only be constrained to a rather large interval, it is closely associated with deposits toward the older end of this age range.
Sites included in the fi rst temporal cluster are exposed directly below the Sifi Tuff, and we interpret them to be above the Bodele Tuff. This cluster includes the ABD-1, -2, and HMD-1 sites. At the ABD sites, the fossils are confi ned to the conglomerates and sandstones below a diatomite layer (Fig. 6) , although given the low topographic relief at these sites, it is has not been possible to determine exactly which stratigraphic layer contains the fossils. At HMD-1, fossils have been traced to a siltstone ~7 m below the level of the Sifi Tuff and ~2 m above a series of tuff deposits that likely correlate to the Bodele Tuff (Fig. 6 ). As these fossil sites occur just above the level of the Bodele Tuff, we estimate their age to be slightly younger than 6.4 Ma.
A site in the Henali area (HEN-1) (Fig. 1) was not observed directly in section with any of the major stratigraphic markers discussed here. However, an altered, plagioclase-rich tuff (GON05-261) was collected near HEN-1, and the composition and outcrop appearance of this tuff are similar to the Hamadi Das Crystal-Rich Tuff Sequence tuffs, of which the Bodele Tuff is a subunit (Table 3 ; Fig. 2) . Thus, the fossils from HEN-1 may be similar in age to the oldest temporal cluster of sites. The second cluster contains fossils from the BDL-1, -2, and HMD-2 sites. At the BDL sites (BDL-1, -2), the conglomerates and sands ~6 m above the level of the Sifi Tuff and ~10 m above the Bodele Tuff contain the fossils (Fig. 6) . At HMD-2, fossils are associated with the conglomerate unit ~10 m above the level of the Sifi Tuff (Fig. 6) . These fossil-bearing conglomerate and sandstone units above the Sifi Tuff comprise the second temporal cluster. (Figs. 1, 2, and 6 ). These fossil sites are stratigraphically well below the Kobo'o Tuff (~17 m in our composite stratigraphic section), which yielded a date of 5.44 ± 0.06 Ma (2σ) on sanidine and plagioclase (Figs. 9 and 11; Table 4 ). Thus, we can constrain the ages of the fi rst and second temporal clusters to between 6.4 Ma and ca. 5.5 Ma, but they are much closer to the 6.4 Ma than the 5.5 Ma age based on stratigraphic thicknesses.
The third and youngest temporal cluster of sites includes the ESC-1, -2, -3, -8, and -9 fossil localities. These sites are associated with the porphyritic basalt and/or the Kobo'o Tuff, and they are younger than the sites associated with the Sifi Tuff (Figs. 1, 2, 6, and 11). In all cases, sites included in this third cluster are below the level of the porphyritic basalt. We observed this relationship directly for sites ESC-1, -2, -3, and -8. ESC-9 is associated with sandstone directly below the Kobo'o Tuff, and as the Kobo'o Tuff is below the level of the porphyritic basalt, ESC-9 must also predate the porphyritic basalt (Fig. 6) .
The fossils at ESC-1, -2, and -3 are from a conglomerate layer at least 7 m below the porphyritic basalt, and at ESC-3, there is an altered tuff at the base of the stratigraphic section. We speculate that this altered tuff is the Kobo'o Tuff, which would place the ESC-1, -2, and -3 sites between the level of the Kobo'o Tuff and the porphyritic basalt. Multiple outcrops of the Kobo'o Tuff occur near many of the ESC sites (Figs. 1 and 2), so it is plausible that this altered tuff is the Kobo'o Tuff. At ESC-8, the fossil-bearing units are derived from conglomerates and are below the porphyritic basalt and above an aphanitic basalt fl ow. For these reasons, we have placed the third temporal cluster of sites (specifi cally, sites ESC-1, -2, -3, and -8) in a conglomerate unit at ~83 m on the composite stratigraphic section (Fig. 11) . We have included ESC-9 in the third temporal cluster of sites due to its association with the Kobo'o Tuff, but this site likely predates the ESC-1, -2, -3, and -8 sites, since the fossils from ESC-9 are below the Kobo'o Tuff, while we interpret the rest of these sites as being located above the level of the Kobo'o Tuff. We estimate the age of the fossil localities in the third temporal cluster to be ca. 5.5 Ma, based on the 
Potential for Correlations with Other Paleoanthropological Projects
To date, late Miocene and early Pliocene deposits in the Afar region have only been studied in the Middle Awash project area, located ~90 km due south of Gona (Kalb et al., 1982; Renne et al., 1999; WoldeGabriel et al., 2001 ). The Ar ages on groundmass of 6.33 ± 0.07 Ma and 6.16 ± 0.06 Ma (WoldeGabriel et al., 2001) . These ages overlap with those from the Adu-Asa Formation as we have it mapped at Gona.
However, tuffs with published descriptions from the Middle Awash area are largely basaltic and thus are chemically dissimilar to the tuffs characterized here. It may be that the Hamadi Das Crystal-Rich Tuff Sequence tuffs, including the Bodele Tuff, are the same as those described in the Middle Awash area. However, the complete lack of unaltered glass in the Hamadi Das CrystalRich Tuff Sequence tuffs at Gona prevents the comparison.
There is one tuff from the Middle Awash, named the Witti Tuff, which shares some similarities to a tuff at Gona. Like the Kobo'o Tuff, the Witti Tuff is bimodal ( Ar ages of 5.63 ± 0.12 Ma, 5.57 ± 0.08 Ma, and 5.68 ± 0.07 Ma, whereas the Kobo'o Tuff contains higher-K sanidine and yielded a slightly younger date of 5.44 ± 0.06 Ma (2σ). In addition, the mafi c component of the Witti Tuff is signifi cantly higher in CaO, MgO, FeO, and TiO 2 (Table 8) . Although these are different tuffs, they may have come from the same source. If this is the case, then it is likely that the Adu-Asa Formation at Gona above the level of the Kobo'o Tuff postdates the published portions of the Adu-Asa Formation as described at the Middle Awash project (WoldeGabriel et al., 2001) , and the Kobo'o Tuff is the product of a melt that had evolved since the eruption that produced the Witti Tuff.
CONCLUSIONS
The Adu-Asa Formation at Gona is ~185 m thick and is composed largely of stacked basalt fl ows interbedded with fl uviolacustrine sediments and numerous ash-fall tuffs. Within the main sedimentary interval, environments shifted from lacustrine at the base to fl uvial above. At the same time, the composition of the volcanic units also shifted, from basaltic lava fl ows and tuffs to a greater component of silicic material.
We have identifi ed seven different silicic, or dominantly silicic , tuffs in the Adu-Asa Formation at Gona, as well as a series of altered, crystal-rich basaltic tuffs and a distinctive porphyritic basalt unit. Of the silicic tuffs, four form major stratigraphic markers, which in conjunction with the crystal-rich sequence of tuffs and a porphyritic basalt, have allowed us to correlate fossilbearing deposits and clarify the overall stratigraphy of the deposits in the Adu-Asa Formation.
We have determined that the fossil localities in the Adu-Asa Formation at Gona are grouped into three major temporal clusters. The oldest and middle clusters of sites are associated with the Hamadi Das Crystal-Rich Tuff Sequence tuffs, including the Bodele Tuff, as well as the Sifi Tuff. The oldest cluster lies between the Hamadi Das Crystal-Rich Tuff Sequence tuffs and the Sifi Tuff, while the middle cluster is above the level of the Sifi Tuff. Localities included in these clusters are the ABD, BDL, and HMD groups of sites. The youngest cluster of fossil localities is associated with the porphyritic basalt unit that is stratigraphically above the Kobo'o Tuff. This group of sites includes sites ESC-1, -2, -3, and -8. Based on the rapid apparent deposition rates of the upper Adu-Asa Formation, we estimate the ages of the youngest fossils to be ca. 5.5 Ma. The older sites are constrained to between 6.4 Ma and ca. 5.5 Ma but likely date toward the older end of this range.
While we have yet to fi rmly correlate deposits of the AduAsa Formation at Gona with other paleoanthropological projects in East Africa, it is likely that they are contemporaneous with to slightly younger than the deposits of the Adu-Asa Formation as described in the Middle Awash study area. A test of this proposal awaits publication of the entire sections of the Sagantole and Adu-Asa Formations at the Middle Awash area and characterization of the tuffs they contain. 
